Substantial knowledge of auditory processing within mammalian nervous systems emerged from neurophysiological studies of the mustached bat (Pteronotus parnellii). This highly social and vocal species retrieves precise information about the velocity and range of its targets through echolocation. Such high acoustic processing demands were likely the evolutionary pressures driving the over-development at peripheral (cochlea), metencephalic (cochlear nucleus), mesencephalic (inferior colliculus), diencephalic (medial geniculate body of the thalamus), and telencephalic (auditory cortex) auditory processing levels in this species. Auditory researchers stand to benefit from a three dimensional brain atlas of this species, due to its considerable contribution to auditory neuroscience. Our MRI-based atlas was generated ] reconstructed from a set of low resolution diffusion weighted images using Super-Resolution-Reconstruction (SRR). By surface-rendering these delineations and extrapolating from cortical landmarks and data from previous studies, we generated overlays that estimate the locations of classic functional subregions within mustached bat auditory cortex. This atlas is freely available from our website and can simplify future electrophysiological, microinjection, and neuroimaging studies in this and related species.
Introduction
The mustached bat (Pteronotus parnellii) is highly reliant on its auditory system for orientation and communication and has accordingly developed neural processing areas within its auditory system that are hypertrophic relative to its other brain structures (Baron, 1974) . Studies of these hypertrophic auditory system nuclei provided substantial knowledge regarding the function of mammalian auditory systems at the peripheral (Xiao and Suga, 2002a) , metencephalic (Kemmer and Vater, 1997) , mesencephalic (Gordon and O'Neill, 2000; Portfors and Wenstrup, 1999; Wenstrup et al., 2012) , diencephalic (Butman and Suga, 2016; Suga et al., 1997; Wenstrup, 1999) , and telencephalic (O'Neill and Suga and Jen, 1976; Suga et al., 1979) levels.
The success of these studies was founded on the delimited behavioral context of echolocation, in which biologically relevant scientific questions about the auditory system could be formulated within a common theoretical framework (Ehret, 1997; Suga, 1985) . During echolocation, these bats emit a sound consisting of a constant frequency (CF), a downward frequency modulation (FM), and three harmonics thereof. By emitting these four signals (fundamental þ 3 harmonics), mustached bats are able to track both the relative velocities and ranges of targets via the returning echo CF and FM components, respectively. Simple and complex feature detectors at every level of the mustached bat auditory system are specialized to process such CF and FM components in parallel. Studies of such feature detectors led to the discovery of neuroacoustic phenomena in this species prior to their documentation in other mammals. At the cortical level, these findings include spectral and temporal combination-sensitivity (O'Neill and Suga et al., 1978 Suga et al., , 1979 , disproportionate tonotopic representation (Suga and Jen, 1976) , and excitatory-excitatory/inhibitory-excitatory (EE/IE) binaural organization . Similarly impactful findings at the subcortical level include systematic representation of interaural level differences in the ascending auditory system (Wenstrup et al., 1986) , spectral and temporal integration in the inferior colliculus (Wenstrup et al., 2012) , projections from the amygdala to the inferior colliculus (Marsh et al., 2002) , and the nucleus of the central acoustic tract or NCAT (Casseday et al., 1989) . Even studies of the neural substrates underlying social communication in the mustached bat auditory system were bolstered by knowledge gleaned from echolocation-based studies in the same species (Esser et al., 1997; Kanwal, 1999) . Neuroimaging techniques such as magnetic resonance imaging (MRI) have improved considerably in recent years with the availability of high field MRI scanners and thus would allow for detailed anatomical and functional studies spanning multiple nuclei and networks across the mustached bat central nervous system. Given the hypertrophy of auditory areas in the mustached bat, functional MRI studies could give insight into auditory processing between subcortical acoustic nuclei using noninvasive techniques that can be used repeatedly in an individual. The first in-vivo MRI study of the mustached bat brain confirmed that anatomical and auditory fMRI scans of this species can be achieved even in awake animals (Kamada et al., 1999) . A number of MRI studies of cochlear and brain structure volumes in bats have recently emerged (Hsiao et al., 2015 (Hsiao et al., , 2016 . Thus, any future functional neuroimaging studies in this species would benefit from a comprehensive reference such as a published digital mustached bat brain atlas. An MRI atlas of the mustached bat brain with labels for the gross structures of the auditory system as well as certain salient non-auditory brain structures and landmarks would provide a 3D-reference database for future neurophysiological, microinjection, and neuroimaging studies in this species. Detailed interpretations of data from such investigations on a neuroanatomical basis are possible with the aid of a cyto-and myeloarchitectonic mustached bat brain atlas currently under construction and congruent with MRI brain series of the mustached bat (Radtke- Schuller et al., unpublished data) . Here, we present the freely downloadable MRI atlas of a male mustached bat brain, based on T2-weighted and track density images as well as published maps of the auditory cortex. The mustached bat brain atlas presented here can be easily adapted to match surgical and electrophysiological set ups as well as histological protocols, making it appealing for future bat brain studies.
Methods

Specimen preparation
One adult male mustached bat (Pteronotus parnellii rubiginosus) was euthanized with an overdose of sodium pentobarbital (Fatal Plus, >100 mg/kg, i. p., Vortech, Dearborn, MI). Following loss of corneal and withdrawal reflexes, the animal was transcardially perfused through the left ventricle with phosphate buffered saline (PBS), followed by a 10% formalin mixture. After decapitation, the head was post-fixed in a mixture of 10% formalin for over 5 days at 20 C. The brain was never physically removed from the skull during MRI and CT data acquisition. Though significant brain shrinkage is generally expected due to fixation, successful registrations between anatomical MRIs of the brain and a CT image of the skull strongly suggest that brain shrinkage and/or malformation was minimal. A glass microelectrode was inserted while the bat was alive, targeted the medial geniculate body of the thalamus (MG), but caused no apparent damage to this particular structure. However, the electrode insertion caused some visible damage to other areas of the brain including the cortex, deep cerebral white matter, and hippocampus. As shown in the supplementary materials (Fig. SSF1) , the neurological damage due to this electrode penetration was unilateral (right hemispheric), restricted to relatively few voxels contained within the aforementioned quasi-planar structures, could be compensated for during the delineation process via comparisons with the left hemisphere and histological sections (see below), and thus had negligible impact on the quality of our delineations. All specimen preparation procedures were approved by the Northeast Ohio Medical University's Institutional Animal Care and Use Committee.
Data acquisition
To obtain a three-dimensional digital representation of the bat's skull, CT scans of the entire head were acquired with a Siemens Inveon PET-CT ). All MRI datasets of the mustached bat head were acquired with a 9.4 T Biospec horizontal bore MR scanner (Bruker BioSpin, Ettlingen, Germany), equipped with a 120 mm BGA12-S actively shielded gradient insert with a maximum gradient strength of 600 mT/m attached to an AVANCE-II Bruker console. Images were acquired with a Bruker crosscoil setup with a linear transmit volume coil and a four-channel receiver cryo-probe designed for imaging rat heads. Horizontal T2-weighted 3D images were acquired using a Rapid Acquisition Fifteen low resolution multi-slice 2D diffusion weighted (DW) SE data sets were acquired where each set was rotated around the phaseencoding direction (i.e., medio-lateral axis) at incremental steps of 12 for the purpose of super resolution reconstruction as described previously (Hamaide et al., 2016; Van Steenkiste et al., 2015) . Each of these sets consisted of one non-diffusion weighted (b0) The dimensions of all of these images were ultimately cropped from 256 Â 256 x 136 to 192 Â 250 x 126 to remove excess space and improve visibility.
Data processing
Owing to the use of surface coils, bias field correction was applied to the T2w 3D-RARE. To perform super-resolution reconstruction diffusion tensor imaging (SRR-DTI), high resolution (78 μm) 3 diffusion tensor parameter maps were estimated (Poot et al., 2010 ) from a set of low resolution diffusion weighted (DW) images using a weighted linear least squares estimator (Dyrby et al., 2014) . From the high-resolution tensor parameters, high resolution fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) maps were obtained. High resolution fiber orientation distribution functions (fODFs) were also estimated in order to perform fiber tracking and subsequent track density imaging (TDI). First, a white matter fiber response function (spherical harmonic order 8) was extracted from the up-sampled high resolution DW data using the recursive calibration method (Tax et al., 2014) . ODFs were obtained by performing constrained spherical deconvolution (Tournier et al., 2007) , using the high resolution DW images and the single fiber response function created above, adopting the quadratic programming approach described previously . The spherical harmonic series describing the fODFs was terminated at order eight. Next, probabilistic whole brain tractography was performed using second order integration over the fODFs . Ten million streamlines were generated using the following parameters: fODF amplitude threshold of 0.1, step size of 40 μm, and a maximum angle between steps of 22 . Fidelity of the track densities to the raw diffusion weighted MRI data was ensured using SIFT2 (Smith et al., 2015) . From S.D. Washington et al. NeuroImage 183 (2018) 300-313 the resulting tractogram, direction-encoded, color TDI maps were calculated at native resolution of (78 μm)
3 . All steps were performed using MRtrix3, which is freely downloadable at www.mrtrix.org (Tournier et al., 2012) .
Delineation of brain structures
We choose to present all data in a 3D framework comparable to the orientation of Nissl and myelin stained histological slices of the histology atlas series provided by S. Radtke-Schuller. AMIRA 5.4.5 (Mercury Computer Systems, San Diego, CA, USA) was used to (1) rotate the T2w 3D-RARE scans to be consistent with the histological slices, (2) to perform the affine co-registration of TDI and CT images to the reoriented T2w 3D-RARE based on normalized mutual information, and (3) perform atlas delineations. The whole brain and brain regions of both hemispheres were delineated based on MRI contrasts between brain regions. TDIs were used in conjunction with the T2w 3D-RARE images to foster delineations by providing more accurate boundaries between gray and white matter. Delineations were made slice-by-slice in the three orthogonal dimensions: first anterior to posterior in the coronal dimension, then dorsal to ventral in the horizontal dimension, and then left to right in the sagittal dimension. Delineations made previously in one dimension (e.g., coronal) were systematically corrected as delineations progressed in a different dimension (e.g., horizontal).
The topology of forebrain (telencephalic and diencephalic) regions were identified on the basis of studies of the mustached bat brain (Fitzpatrick et al., 1998; Kobler et al., 1987; Pearson et al., 2007; Wenstrup et al., 1994; Winer and Wenstrup, 1994a; Winer et al., 1992) as well as a published atlas detailing structures in the forebrain of another bat species, Carollia perspicillata (Scalia et al., 2013) . Identification of middle and hind brain (i.e., mesencephalic and metencephalic) structures were derived from studies in the mustached bat O'Neill et al., 1989; Ross and Pollak, 1989; Ross et al., 1988; Zook and Casseday, 1982a; 1985; Zook and Casseday, 1987; . Further Fig. 1 . T2 weighted 3D-RARE (left), fractional anisotropy (middle), and color-coded tract density images (TDI) (right) at coronal planes 52/250 (À6.680 mm), 80/250 (À5.040 mm), 108/250 (À3.400 mm), 136/250 (À1.758 mm), 166/250 (0.000 mm), and 192/250 (þ1.524 mm). "X" marks the origin (i.e., anterior-posterior zero point) at anterior commissure (plane 166/250) in all three modalities. Note that the apparent "shadow" in the left hemisphere of slice plane 108 in the T2w 3D-RARE map, which does not appear in the corresponding slice planes of the FA or color-coded TDI maps, is a signal void due to the relative local inhomogeneity of the magnetic field at the time of T2w 3D-RARE data acquisition. The diffusion-weighted scans (i.e., AD, b0, FA, MD, RD, and TDI) were acquired at a later time, had a better local shim, and thus did not present the same local signal void. Since the T2w 3D-RARE, the various diffusion-weighted scans, and histological sections were used as guides during delineation, our delineations of cortex were in no way complicated by this signal void. However, those using the T2w 3D-RARE map for their studies should be aware of this signal void.
indications of boundaries were derived from histological brain atlases of rodents, including mice (Franklin and Paxinos, 2012) , rats , and gerbils (Radtke- Schuller et al., 2016) . The shapes of auditory cortical subregions were derived from maps reported in previously published histological and electrophysiological studies (Fitzpatrick et al., 1998; Suga, 1985) . Such auditory cortex maps were superimposed onto a surface rendering of the mustached bat brain using the 3D rendering program Blender (https://www.blender.org). The resultant auditory cortical map can be viewed in MeshLab (http://www.meshlab. net/#download). Both Blender and MeshLab are a freely downloadable. 
Results
The MRI data set, structural delineations and CT images of the skull can be freely downloaded from our website (http://uahost.uantwerpen. be/bioimaginglab/Bat.zip). Data are provided in NIFTI (.nii) format. We also provide interactive templates (i.e., corresponding anatomical regions reported for each coordinate) viewable in two freely downloadable software packages, specifically MRIcro (http://people.cas.sc.edu/ rorden/mricro/mricro.html#Installation) and MRIcron (http://people. cas.sc.edu/rorden/mricron/install.html). A third template is viewable in MRIcro-GL (https://www.nitrc.org/frs/?group_id¼889), which measures inter-voxel distances at a sharper resolution of 0.1 mm and offers greater 3D rendering capabilities than either MRIcro or MRIcron. Each of these templates use color look-up-tables that match the color scheme used in the figures below. Viewing the delineations in other programs will yield different color schemes and will report only numerical values corresponding to intensities. Installers for Windows versions of each of these programs are included with our atlas. Mac OSX versions are available from the web addresses above.
We provide the data in a frame of reference consistent with mustached bat histological data (Radtke- Schuller et al., unpublished data) . As opposed to rats and mice, the conventional brain axis tilt in mustached bats is 23
. The frontal atlas slicing plane was chosen to be perpendicular to the line that connects the most dorsal points of the forebrain (i.e., cortex) and hindbrain (i.e., cerebellum). This coordinate system is used for cutting and for the orientation of the bat's skull in a stereotaxic device in neurophysiological experiments, as it allows for a more natural head-body orientation used in neurophysiological studies. Various freely available imaging software packages enable users to reorient the frame of reference at will. Thus, users can visualize our data as either orthogonal or oblique slices. The anterior/posterior axis is the yaxis (positive values anterior), and the dorsal/ventral axis is the z-axis (positive values dorsal) in accordance with neurological convention Gunturkun et al., 2013; Poirier et al., 2008; Simoes et al., 2012) , the left/right axis is the x-axis (positive values right). We propose the intersection between the mid-sagittal plane and the anterior commissure (ac) as the origin (i.e., zero-point) for the frame of reference due the ac's similar role in the human-based Talairach coordinate system (Talairach and Tournoux, 1988) and the relative ease of locating ac in MRI images of the mustached bat brain. The origin of the dorsoventral plane is defined as the plane through the highest points of forebrain and cerebellum, which parallels the profile of the skull (see below). An "X" marks the origin in Figs. 1-3 , each of which display six T2w 3D-RARE, FA, and TDI slices in the coronal, horizontal, and sagittal dimensions, respectively. Figs. 1-3 are restricted to the T2w 3D-RARE, FA, and color-coded TDI maps due to space constraints. On the website, we additionally provide 3D maps of AD, MD, RD metrics, and b0 images in the same space. We also provide CT-based images of the bat skull co-registered to the MRI atlas. The CT images visualize the cochlea as more radiopaque than the neurocranium, demonstrating that the former structure has greater bone density than the latter in this species (Fig. 4A-B) . Fig. 4C displays the skull CT data set co-registered to the T2w 3D-RARE data set. Neurobiologists studying bats from a stereotaxic approach have previously established methodologies for employing landmarks on the skull as precise reference points for neural structures and functional areas (Schuller et al., 1986 (Schuller et al., , 1991 . In brief, a coordinate system was previously developed for interfacing between stereotaxic procedures and histological processing of brains from another CF-FM bat species, the horseshoe bat, Rhinolophus rouxi (Schuller et al., 1986) . As previously defined, these standard coordinate axes entailed orthogonal sagittal, coronal (frontal), and horizontal (parasagittal) skull planes (x ¼ 0, y ¼ 0, z ¼ 0, respectively) in an electrode-carrier system. The zero-plane of the z-axis in this coordinate system coincides with the most dorsal points of the cortex and cerebellum. Researchers targeting structures in the mustached bat brain relative to the CT images provided are referred to the coordinate system detailed previously (Schuller et al., 1991) . However, for those interested in comparing our skull CT to our MR-based images, the ac is also the zero-point of skull CT.
The T2w 3D-RARE enabled us to differentiate between different gray matter regions based on differences in T2-relaxation properties of distinct tissues. On the other hand, TDI and other diffusion images reveal axonal directions and other fine details of white matter (i.e., nerves and tracts) that are less apparent in the T2w 3D-RARE images. By using both types of images to better ascertain structural boundaries, we have delineated 40 different bilateral structures of interest in the mustached bat brain (Fig. 5) . The column of numbers in Fig. 5 correspond to intensity values of each delineation, and programs other than AMIRA 5.4.5, MRIcro, MRIcron, and MRIcro-GL will report these values as opposed to the corresponding brain region. Voxel counts, volumes, and centroids for all . Delineation text in gray represent gray matter structures and those in white represent white matter structures. Superscript "A" above a gray matter structure denotes that it is part of the auditory system. The asterisk (*) next to the hypothalamus indicates that, based on more recent developmental approaches, the hypothalamus is not included with other structures in the traditionally defined diencephalon (Puelles et al., 2013) . (Right) Horizontal slices displaying delineations. Slices shown here were selected to display the greatest number of delineations per plane.
40 delineated structures in the left and right hemispheres are summarized in Tables 1 and 2 , respectively. Fourteen of these delineated structures were white matter. Of the remaining 26 structures, three were myelencephalic, two metencephalic, seven mesencephalic, three diencephalic, and 11 telencephalic. Ten of these 26 structures were part of the auditory system. We include the superior colliculus amongst these ten auditory structures. The superior colliculus is typically a multisensory area with a prevalent role in vision and oculomotor activity in highly visually oriented mammals. However, echolocating bats, including mustached bats, orient primarily using audition, not vision. Thus, neurons comprising significant portions of the superior colliculus in certain echolocating bat species, such as the horseshoe (Rhinolophus rouxi), big brown (Eptesicus fuscus), and pale spear-nosed (Phyllostomus discolor) bats, respond to auditory stimulation (Hoffmann et al., 2016; Reimer, 1991; Valentine and Moss, 1997; Wohlgemuth et al., 2018) . Maps derived from DW imaging were instrumental to delineating certain regions and boundaries that were simply not visible in the T2w 3D-RARE. More specifically, RD helped elucidate the medial boundaries of the amygdala, hippocampus, and medial geniculate body of the thalamus (MGB) as well as ventral extents of the external capsule. TDI enabled us to delineate the nucleus of the central acoustic tract (NCAT), the hypothalamus, and to more accurately delineate boundaries for white matter structures, including the ventral extents of the external capsule.
Three-dimensional renderings of delineated structures can be generated in AMIRA 5.4.5 or other software. Such three dimensional representations can provide a good approximation of both the shape and relative volume of each delineated structure. Three-dimensional renderings of these delineated structures are displayed within a transparent volume rendering of the skull (CT image) in the horizontal, coronal, and sagittal dimensions in Fig. 6. Fig. 7 displays similar 3D renderings of delineated structures but provides a clearer view of subcortical structures by excluding renderings of the cerebellum, cortex, and olfactory bulb.
In Fig. 8 , Nissl and myelin stained sections of the histological atlas of the mustached bat are juxtaposed to our T2w 3D-RARE and TDI. Nissl and myelin stained histological slices have cellular level resolution, which surpasses the image resolution of the TDI and T2w 3D-RARE images. Thus, identification of structures in the Nissl and myelin stained slices can be used to label, and potentially digitally delineate, fine structures on MR-based images that would otherwise be difficult to discern. The labels on the T2w 3D-RARE in Fig. 8 suggest the possibility of using histological reference slides to create even more precise labeling than those shown above.
One of the most prominently studied portions of the mustached bat auditory system is the functional organization of its auditory cortex. Neurophysiological studies are impossible in ex-vivo brains. However, decades of neurophysiological and histological studies have linked the location of mustached bat auditory cortex and its subdivisions to key cortical features, which were revealed by surface renderings of our delineations. Specifically, cortical delineations revealed the lateral fissure plus a triangular bulge associated with the auditory cortex, and adjustments in alpha scale revealed the medial cerebral artery and its bifurcations, commonly used by physiologists to target the Doppler-shifted constant frequency (DSCF) area. By aligning (1) the dorsal-most edges of both the dorsal fringe functional area (or DF) with the lateral fissure, (2) the anterior edges of the A1 anterior, CF/CF, DF, FM-FM, and ventral anterior subdivisions with the lateral fissure, and (3) the middle-dorsal portion of the DSCF area with the first bifurcation of the medial cerebral artery, we generated the 3D auditory cortex overlays displayed in Figure 9 . The landmarks used to create this visualization are detailed in the supplementary materials (Fig. SSF2 ). This representation is viewable using MeshLab but not AMIRA, MRIcro, MRIcron, or MRIcroGL as it is an overlay and not comparable to our other delineations. Given that the location of cortical functional areas has a high degree of inter-subject variability, the locations of these subdivisions must be regarded as reasonable approximations.
Discussion
Brain atlases provide a reference framework for neuroscientists and have tremendous instructional value. Traditional brain atlases are based on histological sections with drawings of boundaries of structures and annotations (Franklin and Paxinos, 2012; Paxinos and Watson, 2014; Scalia et al., 2013) . Currently, three-dimensional, digital MRI atlases are available for fish (Simoes et al., 2012; Ullmann et al., 2010) , rodents (Bowden et al., 2011; Calabrese et al., 2013; Dorr et al., 2008; Johnson et al., 2012; Paxinos et al., 2015; Rumple et al., 2013; Valdes-Hernandez et al., 2011; Veraart et al., 2011) , marsupials (Majka et al., 2013) , songbirds and other aves Gunturkun et al., 2013; Poirier et al., 2008; Vellema et al., 2011) , as well as humans and other primates (Bakker et al., 2015; Calabrese et al., 2015; Fan et al., 2016; Rohlfing et al., 2012) . Detailed MRI-based atlases exist for regions of the mouse brain such as the basal ganglia (Ullmann et al., 2014) and diencephalon (Watson et al., 2017) . Despite the remarkable contribution that studies of bats have made to our general understanding of auditory systems, the present atlas is the first MRI-based digital brain atlas of any echolocating bat species.
One clear limitation of this atlas is that it is based on an individual exvivo brain, similar to Talairach's classic human brain atlas (Talairach and Tournoux, 1988) . Thus, there is the possibility of inter-subject variability and researchers who require high spatial accuracy must consider this limitation when using this atlas. Similarly, shrinking effects due to fixation and potential neurological damage may increase inter-subject variability. However, as Fig. 8 demonstrates, there is close correspondence between neuroanatomical structures seen in one bat's MRI and another bat's histological slices. Fig. 7 . Three-dimensional rendering of subcerebellar and subcortical delineations registered to the mustached bat brain (T2w 3D-RARE) from the top-horizontal (top left), bottom-horizontal (bottom left), anterior-coronal (middle top), posterior-coronal (middle bottom), left-sagittal (top right), and right-sagittal (bottom right) perspectives. The cerebellum, the cortex, and the olfactory bulb are excluded from the delineated structures shown here and in the color codes provided below to avoid obscuring subcerebellar and subcortical structures.
Although histological atlases generally have cellular-level resolution, MRI-based atlases have advantages for manipulating, analyzing, and normalizing neuroimaging data. Histological atlases are composed of frontal, horizontal, and sagittal sections from slicing three different brains, which implies that the three dimensional consistency cannot be totally asserted. Though inter-individual differences remain overall, the coronal, horizontal, and sagittal dimensions are consistent within individuals in an MRI atlas and permit acquisition of multiple MRI-based structural data types (e.g., T1, T2-weighted, diffusion tensor, etc.) from the same sample. Also, this 3D digital atlas allows users to present neuroanatomical data from the mustached bat from any oblique slice. The spatial relationship between gray and white matter is preserved in MRI-based atlases. Such three-dimensional, digital information will help researchers targeting deep brain structures (e.g., medial geniculate body of the thalamus, amygdala, cochlear nucleus, etc.) with electrodes, catheters, or injection micropipettes to perform experiments while minimizing damage to surrounding areas. If smaller, histologically distinguished sub-structures are targeted or if localized experiments should be functionally interpreted in detail, however, the additional use of a histological atlas will be essential. Yet, if it is possible to perform a 3D structural MRI scan on the animal prior to histological preparation, the MR images can be normalized to the present atlas in order to better specify the individual stereotaxic coordinates of a smaller ROI. In general, data from individual bats can be normalized to compensate for intersubject variability, which can allow for back-projection of ROIs into the native space of individual animals. Further, realistic adjustment of the sections to an MRI data set in the same cutting plane can substantially compensate for distortions, which can lead to a combined MRI/histology based atlas yielding high resolution at realistic coordinates, as demonstrated in the recently published cyto-and fiber architectonic atlas for the gerbil (Radtke-Schuller et al., 2016) . Interestingly, though previous studies have detailed inter-species differences in bat cochlear size (Hsiao et al., 2015) , the CT and MRI-based data obtained here offers cochlear dimensions for this particular, highly studied species in a format directly comparable to neurological structures such as the inferior colliculus. Also, the DWI-based data obtained here is the first to indicate the directionality of white matter tracts in any bat species. In general, MRI-based atlases make many different types of calculations upon brain structures possible, including group level measures of brain structure volume, connectivity strength, and stimulus/behavior driven brain activity, all of which can be easily visualized in three dimensions.
The present atlas compliments a commercially available histological (Schofield et al., 2011) .
atlas of a bat species, Carollia perspicillata or the short-tailed fruit bat (Scalia et al., 2013) . This detailed atlas is limited only to forebrain structures and combined two histological staining techniques (i.e., Nissl and NeuN) that are ideal for labeling gray matter. Our atlas can aid those targeting mid-and hindbrain structures and used MRI techniques suited for both delineating gray and white matter structures. Further, though Carollia perspicillata and Pteronotus parnellii are both microchiroptera, or yangochiroptera (Hutcheon and Kirsch, 2006) , their echolocation behavior differs dramatically. Specifically, the echolocation pulses of Carollia perspicillata consist only of FMs whereas those of Pteronotus parnellii consist of a tone followed by an FM (i.e., CF-FM). Indeed, there are comprehensive histological neurological atlases of three other bat species that use only FMs during echolocation, specifically the Egyptian fruit bat Rousettus aegyptiacus, the pale-spear nosed bat Phyllostomus discolor (Rodenas-Cuadrado et al., 2018) and the common vampire bat Desmodus rotundus murinus (Bhatnagar, 2008) , but few comparable atlases of CF-FM bats. This vocalization difference is already linked to differences in cochlear structure between FM-only and CF-FM bats (Hsiao et al., 2015) . Considering the vast amount of neurophysiological, neuroanatomical, and behavioral studies in the mustached bat and the ongoing investigations in this bat species, an MRI-based atlas of the mustached bat brain is timely. Over a decade of advances in neuroimaging has enabled researchers to assess auditory processing via functional magnetic resonance imaging (fMRI) in small animals, including mice (Yu et al., 2005 (Yu et al., , 2007 , rats (Gao et al., 2014 (Gao et al., , 2015 , and songbirds (Poirier et al., 2009; Van Ruijssevelt et al., 2013) . This atlas could serve as the anatomical reference for manganese-enhanced and diffusion tensor imaging studies in the mustached bat as well. Indeed, atlases similar to this one were used in manganese-enhanced and diffusion tensor imaging to study cognition and neuroplasticity in starlings (De Groof et al., 2006; and canaries (Tindemans et al., 2003) . Manganese-enhanced imaging has even been successfully employed to study tonotopy in rodents (Yu et al., 2007) . These and other voxel-based analyses in neuroimaging studies require precise spatial normalization to some anatomical frame of reference analogous to the Talairach or Montreal Neurological Institute (MNI) coordinate systems commonly used in human-based neuroimaging studies. Perhaps, the strongest contribution of this atlas may be the support it can offer future functional, structural, and physiological (e.g. perfusion) neuroimaging Fitzpatrick et al. (1998) , and white labels describing the function of auditory cortical subdivisions are derived from Suga (1985) . (C) Dorsal view of the mustached bat brain with a superimposed auditory cortex map. The map includes anterior A1 (A1a, maroon), posterior A1 (A1p, light blue), CF/CF (pink), dorsal fringe (DF, green), dorsal medial (DM, brown), Doppler-shifted CF (DSCF, black), FM-FM (dark blue), ventral anterior (VA, orange), and ventral posterior (VP, white). (D) Right profile view of the mustached bat brain with a superimposed auditory cortex map. This depiction contains the same functional areas described above in "C." (E) Left profile view of the mustached bat brain similar to the depiction in "D." Note that the DSCF labels in this depiction (60-63 kHz) represent the more commonly reported echo-CF 2 range of the P. p.parnellii subspecies (Suga and Jen, 1976) , not the 57-60 kHz range of the Trinidadian P. p.rubiginosus subspecies to which this specimen belongs (Xiao and Suga, 2002b) . The Meshlab file used to generate this image contains the color-coded boundaries and contours but none of the numerical values, arrows, or text shown here. A second Meshlab file is available without contours. Researchers can thus label these ranges to coincide with those of P. p.parnellii, P. p.rubiginosus, or their choice of mustached bat subspecies. Details regarding the landmarks used to overlay the auditory cortex map onto the surface rendering of the mustached bat brain are shown in Figure SSF2 . studies in this species. At the gross anatomical level, functional neuroimaging is poised to address long-standing auditory neuroscience controversies commonly explored by single unit recording studies in bats, including the corticofugal system (Yan and Suga, 1996; Zhang and Suga, 1997) , echo-acoustic flow (Bartenstein et al., 2014; Greiter and Firzlaff, 2017) , and left hemispheric specialization for processing social calls (Kanwal, 2012; Tallal, 2012; Washington and Kanwal, 2012; Washington and Tillinghast, 2015) . This atlas is intended to serve as such an anatomical reference for future neuroimaging studies of the mustached bat brain, enabling researchers to accurately localize task, stimulus, or resting-state evoked blood oxygen level dependent (BOLD) signal changes related to neural activity in the forebrain, midbrain, and brainstem.
